Although soils are known to exhibit nonlinear behavior even at small strains, evaluations of the response of sedimentary basins to strong seismic motions are almost always based on linear, elastic solutions incorporating frequency-independent damping. The principal reasons for this relate to the robustness of the linear algorithm and the ease with which the required parameters can be determined experimentally in engineering practice. Most often, but not always, attempts are made in these analyses to compensate for the inelastic behavior by adjusting the material parameters for the representative levels of strain by means of an iterative method. However, both the standard iterative method and the direct linear solution without iterations suffer from two important shortcomings. First, they do not account for the effect of high confining pressures on inelastic behavior. However, it is known from experiments with sands subjected to cyclic shearing strains under confining pressures of up to 5 Mpa, that in highly confined samples, the material remains nearly elastic for a larger range of strains than do those samples subjected to a lesser pressure. Second, the amplification analyses disregard the fact that small-amplitude, high-frequency components of deformation involve hysteresis loops with little modulus degradation or damping ͑i.e., nearly elastic secondary loops͒. Thus, motions computed at the surface of the basin with the standard method usually exhibit unrealistically low amplitudes at high frequencies. This article presents the results obtained with a series of ''true'' nonlinear numerical analyses with inelastic ͑Masing-type͒ soils and layered profiles subjected to broadband earthquake motions, taking into account the effect of the confining pressure. These show that it is possible to simulate closely the actual inelastic behavior of rate-independent soils by means of linear analyses in which the soil moduli and damping change with frequency. It is emphasized that the variation in the linear model of the material parameters with frequency arises solely because the strains have broad frequency content, and not because the materials exhibit any rate dependence when tested cyclically. The proposed new model is successfully applied to a 1-km-deep model for the Mississippi embayment near Memphis, Tenn. The seismograms computed at the surface not only satisfy causality ͑which cannot be taken for granted when using frequency-dependent parameters͒, but their spectra contain the full band of frequencies expected.
Introduction
Assessments of seismic effects in soil deposits are now routinely made taking into account inelastic soil behavior, and most often this is done with an iterative scheme first proposed by Seed and Idriss ͑1969͒. In this method, approximate linear solutions are obtained by assuming depth-dependent values for shear moduli and damping that remain constant for the duration of the earthquake simulation. These properties are chosen at the beginning of each iteration so as to be consistent with the levels of strain computed in the previous iteration. Although the iterative linear algorithm often provides acceptable results for engineering purposes, it has a number of shortcomings, of which the most important are as follows:
• When the seismic excitation is prescribed at or near the surface of a deep deposit of soft soil, the model may diverge if the specified motion is either too large in amplitude or too rich in high frequencies. This is because when motions are deconvolved to bedrock, they must grow exponentially with depth to overcome the attenuation. Damping in turn grows from iteration to iteration because motions grow more intense. The excitation specified at the free surface is then inconsistent with the linear model used, particularly because damping is assumed to remain constant with frequency.
• Conversely, when the excitation is prescribed at the base of a deep, soft soil deposit ͑or at some hypothetical outcropping of rock͒, the iterations do converge, but the spectra for motions obtained near the free surface have unrealistically low values at high frequencies ͑say, Ͼ3 Hz͒. Again, this is the result of a model in which damping remains constant with frequency, and thus wipes out the high end of the output spectrum. Clearly, the adoption of a frequency-independent linear hysteretic model to simulate what is an intrinsically nonlinear process is only an approximation. Since material damping is a function of amplitude, high frequencies associated with small amplitude cycles of vibration must have substantially less damping than the predominant frequencies of the excitation. This issue is taken up in this article, where an improved version of the Seed-Idriss iterative linear model is presented. This model takes into account the frequency-and amplitude-dependent nature of the strains, which in turn requires the model's material parameters to be frequency dependent, even if the material itself is rate independent when loaded cyclically. The proposed scheme not only provides results that match more closely the inelastic behavior of soils undergoing seismic deformations in shear, but it does so without substantially adding complexity to the iterative algorithm. Some compelling reasons for preferring ͑at least in engineering applications͒ the scheme proposed here over ''true'' nonlinear analyses based on state-of-the-art plasticity models will be given at the end of this article.
Inelastic Soil Behavior
Soils exhibit inelastic characteristics under incremental loading, even when subjected to strains as small as 10 Ϫ5 . However, at these very low states of deformations, nonlinear phenomena have only modest effect on dynamic soil behavior, and it is often difficult to measure these effects accurately by simple testing. On the other hand, it is well known from experiments that when soils undergo large deformations, such as those induced by earthquakes, their behavior deviates strongly from linearity, and inelastic effects can no longer be ignored ͑e.g., Thiers and Seed 1968; Seed and Idriss 1969; Hardin and Drnevich 1972a, b͒ . The extensive laboratory evidence accumulated to date has also provided stimulus for the development of elaborate constitutive models within a framework of generalized plasticity theory, such as the MIT-S1 model ͑Pestana 1994͒.
The availability of sophisticated three-dimensional models for soil behavior not withstanding, the need to simulate the inelastic characteristics of soils by means of tractable idealizations has motivated the frequent adoption, at least in earthquake engineering, of simple one-dimensional models for dynamic loading. The justifications for these models lie in laboratory experiments involving soil samples subjected to dynamic strains, such as those produced by earthquakes. These tests have shown that when soils undergo large cyclic shear deformations, they exhibit hysteresis loops that are largely rate-independent. Masing ͑1926͒ observed a similar hysteretic behavior much earlier in studies on the plastic deformations of tin. His discoveries led to the formulation of a simple and now widely used one-dimensional, nonlinear model referred to as Masing's law. This model assumes that unloading and reloading paths are scaled and/or inverted replicas of the initial stress-strain path for monotonic loading, i.e., of the backbone curve. In a nutshell, if ϭ f (␥) is the backbone curve, then Masing's rule for unloading or reloading is given by 1 2 (Ϫ r ) ϭ f ͓ 1 2 (␥Ϫ␥ r )͔, with r , ␥ r being the coordinates of the last reversal point. Upon reloading beyond reversal points, old paths are resumed as appropriate. Hence, this nonlinear model has memory in that it remembers the previous strain history, but is rate independent, since the path does not depend on the deformation speed. Indeed, the stress-strain path is completely defined by the backbone curve together with the history of strain reversals ͓see, e.g., Figs. 2͑b͒ and 3͑b͔͒. Inasmuch as the details of this model are well known ͑e.g., Goulois 1982͒ , it is not necessary to elaborate further herein.
On the other hand, it is also well known that Masing's model can be simulated by means of a set of elastoplastic springs in parallel ͑Iwan 1966; Chen and Joyner 1974; Dobry and Athanasiou-Grivas 1978; Goulois 1982͒ . By using a large number of such elements, any nonlinear stress-strain characteristic obtained from test results can be simulated as closely as desired. It suffices to select appropriate values of stiffness and coulomb resistance for as many elstoplastic springs as may be necessary. Masing's concept is used in the ensuing to simulate the nonlinear soil behavior in horizontally layered soil basins subjected to vertically propagating shear waves; the results of these simulations shall be referred to as the true nonlinear analyses. For this purpose, and depending on the depth, the soil deposit is divided into an adequate number of thin, nonlinear layers. To ensure accuracy, each nonlinear layer is modeled in turn with 300 elastoplastic elements in parallel, whose yielding strains are logarithmically spaced between ␥ϭ10 Ϫ6 and ␥ϭ1 ͑i.e., 50 elements per strain decade͒, see the Appendix.
The backbone curve for the discrete elements is defined by means of the nonlinear model proposed by Assimaki et al. ͑2000͒ . This representation is based on the generalized plasticity model MIT-S1 of Pestana ͑1994͒ and Pestana and Whittle ͑1999͒. An advantage of the MIT-S1 model lies in that it does not rely on a purely phenomenological description of nonlinear behavior, but is based on fundamental mechanical principles. It depends on a handful of experimentally measurable parameters as well as on the confining pressure, which allows proper modeling of inelastic behavior of soils with depth. When this model is applied to granular soils under high confining pressure subjected to cyclic deformation, the numerical results are found to agree closely with recent experimental data presented by Laird and Stokoe ͑1993͒. Fig.  1 shows a comparison between the MIT-S1 model, and the ex- Fig. 1 . Shear modulus degradation curves and damping versus cyclic strain amplitude for different levels of confining pressure, MIT-S1 model ͑continuous curves͒ versus experimental data ͑markers͒ perimental data for the shear modulus degradation factor and damping ratio versus strain for a sand subjected to a confining pressure varying between 28 and 1766 kPa, The MIT-S1 model is used in the following to assess the seismic response of layered soils.
Instantaneous Power Dissipation
The history of the energy being dissipated by a set of elastoplastic springs in parallel is the time aggregate of the products of yield stresses and plastic flows taking place in each spring. This quantity can readily be computed in the course of an inelastic simulation. By contrast, the power dissipated by a linear hysteretic solid is defined properly only as an average over completed cycles of motion, at least in principle. However, a consistent definition of instantaneous power and accumulated energy dissipation can be achieved as follows.
Let ␥͑͒ and ͑͒ be the Fourier transforms of strains ␥(t) and stresses (t). For a linear hysteretic solid with shear modulus G and fraction of hysteretic damping , the relationship between strains and stresses is
in which sgn() is the sign function, and iϭͱϪ1. When G and are independent of frequency, this equation can be represented in the time domain as
with ␥ (t) being the Hilbert transform of ␥͑͒, i.e., the inverse Fourier transform of ␥()i sgn(). Hence, if ␥ (t) is the rate of strain, the instantaneous power demand is
The first term represents the power being converted into, or recovered from, elastic strain energy, whereas the second is the power being dissipated in the form of thermal energy. Hence, d can be referred to as the dissipative component of stress. The concept of power dissipation can now be generalized to the case of frequency-dependent properties by writing
and defining the dissipative stress in terms of the inverse Fourier transform
In the particular case of harmonic strains ␥ϭ␥ 1 sin 1 t, the dissipative stress is simply d ϭ2G 1 1 ␥ 1 cos 1 t, whereas the strain rate is ␥ ϭ 1 ␥ 1 cos 1 t. Thus, the dissipated energy accumulates as
Notice that at the end of the first cycle, 2 1 tϭ4, which leads to the well-known relationship E d ϭ4E e relating the average energy dissipated in one cycle of motion to the maximum strain energy stored. Because the slope of E diss (t) is always nonnegative, the dissipated energy grows monotonically.
Hysteretic Behavior for Simple Load Combination
In an initial nonharmonic numerical simulation, an idealized soil sample is subjected to shear deformations consisting of two finite duration sinusoidal components of strain with different amplitudes ␥ 1 ,␥ 2 and frequencies 1 , 2 , i.e., ␥ϭ␥ 1 sin 1 t ϩ␥ 2 sin 2 t. The inelastic soil model for shear modulus ⌫(␥) ϭG/G 0 and damping ϭ(␥) used to derive the elastoplastic springs for a confining pressure of one atmosphere is shown in Figs. 2͑d͒ and 3͑d͒ ͑a particular case of Fig. 1 , which shows only G/G 0 ͒. Two cases are considered, namely ␥ 1 /␥ 2 ϭ2:1 and ␥ 1 /␥ 2 ϭ4:1; in each case, the frequency ratio is set to 2 / 1 ϭ4:1. It should be observed that because this model does not depend on the strain rate, only the frequency ratio is significant, not the actual frequencies.
Figs. 2͑a͒ and 3͑a͒ show the superposed strain time histories, scaled to a peak strain of 0.01 ͑1%͒; this corresponds to strain components with amplitudes ͑0.667%,0.333%͒ and ͑0.8%,0.2%͒, respectively. Figs. 2͑b͒ and 3͑b͒ depict the true hysteresis loops produced by the strains where, for convenience, the stresses have also been scaled by the low-strain ͑elastic͒ shear modulus G 0 .
Figs. 2͑c͒ and 3͑c͒ show a comparison between the true energy dissipated by the elastoplastic springs and the dissipated energy predicted by Eqs. ͑4͒ and ͑5͒, using the frequency-dependent model described later on. Finally, Figs. 2͑d͒ and 3͑d͒ identify the strains in the curve of modulus degradation that would match the secant moduli observed in the primary and secondary hysteresis loops.
As can be seen, the low-amplitude high-frequency components of strain induce secondary loops, which are much narrower and more elastic in nature than the fundamental loop, i.e., have greater secant moduli and much less damping. Indeed, in Fig. 3͑b͒ , some of the load reversals in the lower part of the hysteresis loop disappear altogether. This situation is more clearly demonstrated by extracting from these figures the secant moduli for both the fundamental and secondary loops, as shown in Figs. 2͑d͒ and 3͑d͒. It is found that the former matches closely the value of the shear modulus reduction curve at peak strain, i.e., G 1 /G 0 Ϸ⌫(␥ max ) ϭ⌫(0.01). The secant modulus for the secondary loops, however, are not only greater than this value, but even greater than the reduction factor that would correspond to a cyclic strain with an amplitude equal to that the second strain component, that is, G 2 /G 0 Ͼ⌫(␥ 2 ) ͓Figs. 2͑d͒ and 3͑d͔͒. Notice that the two secant moduli differ despite the fact that the underlying material is rate independent. Thus, the frequency dependence of the secant modulus results solely because the strain has multiple frequency components, and not because the material itself is frequency dependent. Hence, use of a common damping ratio and shear modulus reduction factor for both harmonic components, as normally done in practice, is clearly inappropriate.
Frequency Spectra of Shearing Strains in an Unbounded Medium
When plane shear waves propagate in an unbounded, homogeneous medium, the shearing strains ␥ at some arbitrary point x are at all times directly proportional to the particle velocity u at that point:
where C s ϭshear wave velocity of the medium. In this case, the frequency spectrum of the strains for any earthquake record is simply obtained by baseline correcting the accelerogram, integrating in time, dividing the result by the shear wave velocity, and evaluating its Fourier transform. For comparison purposes, it is also convenient to normalize this strain spectrum by its average value ␥ 0 between zero and the mean frequency 0 . These two parameters are defined as follows: Fig. 4 shows a composite of the normalized Fourier amplitude spectra of the strain time histories ͑i.e., velocity records͒ for five historical earthquake records ͑Loma Prieta, El Centro, Olympia, Parkfield, and Corralitos͒. Also shown in Fig. 4 is the smooth average strain spectrum
in which c is the ''corner frequency'' ͑in Fig. 4 , a value f c ϭ c /2ϭ1 Hz was chosen͒. This expression is very similar to the equation that would be obtained by dividing the Safak-Boore ͑1986͒ acceleration spectrum by the frequency . It differs from it mainly in a change from square to cubic power in the denominator. As can be seen, the strain Fourier spectra for various earthquakes are very similar to each other. In all cases, the amplitudes of spectral strain do decay with frequency, and at 20 Hz, they have fallen by nearly three orders of magnitude.
An even simpler smooth strain spectrum is shown in Fig. 5 , which is obtained by taking a constant value equal to the average Fourier amplitude in the range from zero to the mean frequency 0 , and fitting an exponential expression after that, i.e., This expression is convenient, because when its logarithm is taken, the two unknown parameters ␣, ␤ appear linearly. This in turn permits a simple least-squares optimal fit for ␣ and ␤ ͑sub-jected to the subsidiary condition that ␣ be non-negative͒. The best-fit values used in Fig. 5 for the 1995 Kobe earthquake are ␣ϭ0.2825 and ␤ϭ2.222. Inasmuch as the strain spectra decay strongly with frequency, the high-frequency components must surely produce secondary hysteresis loops that are much more elastic than the primary loops elicited by the high-amplitude, low-frequency components. Thus, it seems natural that, to match more closely to inelastic soil behavior with a linear hysteretic model, one must modify both the shear modulus and damping in accord with the spectral content of the strains. This will be explored in the following.
Frequency-Dependent Shear Modulus and Damping
The frequency-dependent model presented in the ensuing is first demonstrated by means of seismic waves propagating in an unbounded medium, so as to reveal its principal features and performance without the confounding effects of amplification and resonance. For this purpose, simulations are carried out by subjecting the soil to strain time histories identical to the velocity records of actual earthquakes, but scaled to strain maxima large enough to produce clear inelastic effects. It is emphasized yet again that the frequency dependence of the material parameters in this model results solely from the frequency dependence of the strain amplitudes. It is assumed that the material itself is rate independent when tested cyclically.
First, the velocity time history for an actual record is scaled and converted into a strain time history with some arbitrary peak strain ␥ 0 . The Fourier amplitude spectrum is next obtained and normalized so that its peak spectral amplitude equals the peak strain. At first, no attempts are made to smooth out the strain spectrum; instead, the ordinates are used directly to read out the shear modulus reduction factor and damping value for that particular frequency from curves such as those in Fig. 1 . These values are then used to evaluate the time histories for the elastic and dissipative components of the stress, and from here, the instantaneous power and dissipated energy.
Figs. 6͑a͒ and 7͑a͒ present the strain time histories for the 1995 Kobe record, scaled to maximum strains of 0.001 and 0.05, respectively, whereas Figs. 6͑b͒ and 7͑b͒ show the corresponding Fourier amplitude spectra. Figs. 6͑c͒ and 7͑c͒ show the true hysteresis loops for these cases, which illustrate very clearly the strong nonlinear effects induced in the soil in these two cases. On the other hand, Figs. 6͑d͒ and 7͑d͒ show a comparison between the true dissipated energy and the dissipated energy implied by the linear hysteretic model. The agreement between these two is rather remarkable, not only with respect to total energy dissipated, but also as to how this energy increases with time. Finally, Figs. 6͑e and f͒ and 7͑e and f͒ depict the frequency-dependent damping and the shear modulus reduction factor that are consistent with the spectral strain ordinates. As can be seen, above some 5 Hz, the soil rapidly recovers its full elastic values. A second simulation is then carried out with the smooth version of the strain spectrum given by Eq. ͑10͒ ͑i.e., Fig. 5͒ , setting ␥ 0 equal to the peak strain. Fig. 8 shows the results of this model, organized in the same fashion as in Figs. 6 and 7. The agreement in the time evolution of dissipated energy is still very good indeed. The advantage of using a smooth strain spectrum for wave propagation and iterative soil amplification analyses is that it leads to smooth variations of shear moduli and damping, which in turn leads to a more robust and stable algorithm.
Numerous other simulations carried out with different earthquake records and peak strains produced comparably good agreement between the true inelastic model and the smooth frequencydependent linear hysteretic model, and need not be shown. This frequency-dependent model will next be modified and adapted to the case of seismic wave propagation in layered media, and a modified version of the iterative model will be presented.
Frequency-Dependent Algorithm for Seismic Soil Amplification
In order to apply the frequency-dependent model presented earlier to analyses of wave amplification in horizontally layered soils, it is necessary to modify this procedure so as to take into account the effects that the layers impose onto the strain spectra. There are two basic aspects to this problem.
On the one hand, the seismic response and the strains in the soil depend on the a priori unknown soil parameters, because their effective values depend on the overall inelastic effects. However, the strains are not known ahead of time, so the analysis must be carried out iteratively ͑as is the case in the original Seed-Idriss algorithm͒. On the other hand, if the soil is deep and its first resonant period is long, then the fundamental amplification peak will modify strongly the velocity spectrum of the input earthquake specified at bedrock, or alternatively, at rock outcropping ͑i.e., the so-called ''control motion''͒. In turn this peak is strongly influenced by the damping at the soil's natural frequency, so this too must be accounted for in an iterative fashion. Although additional peaks are elicited by the higher modes, their amplitude variability is much less, because the input motion has less energy • Choose a baseline-corrected earthquake record as input excitation, compute the ground velocity record by numerical integration, and obtain the Fourier transform for both of these.
• Subdivide the layered profile into a sufficient number of thin sub-layers to characterize properly the spatial variation of inelastic effects. • Assign to each layer an initial modulus and damping consistent with a peak strain that is roughly estimated as the ratio of the peak ground velocity and the ͑small strain͒ shear wave velocity of that layer ͓i.e., Eq. ͑7͔͒.
Iterative algorithm
• Using a standard wave amplification model ͑i.e., HaskellThompson͒, determine the transfer functions for the strains at the center of each layer for a unit input velocity ͑not input acceleration͒ specified at bedrock or rock outcrop. ͑This circumvents the problem of having to divide the acceleration transfer functions by the frequency, which produces uncertain results at low frequencies.͒ • Multiply each transfer function by the input velocity spectrum, Fourier invert the result to obtain strain time histories, and find the true peak strains ␥ max .
• In each layer, determine the mean frequency 0 of the strain spectrum, and the least-squares best-fit parameters ␣, ␤ needed in Eq. ͑10͒. Multiply this normalized equation by ␥ max to obtain the smooth frequency-dependent strain spectrum for that layer.
• Use the smooth spectrum curve thus obtained to extract the frequency-dependent soil parameters, i.e., the shear modulus reduction factor and the fraction of damping, see Fig.  9 . Modify the soil constants accordingly.
• Compare the peak strains with their values in the previous iteration. Iterate as necessary.
• After the convergence criterion is satisfied, compute the acceleration ͑or other͒ response time histories wherever desired. As can be seen, other than how the frequency-dependent moduli are found, this method agrees with the standard SeedIdriss method. This algorithm is applied next to several relevant examples for which the response is computed both with the true nonlinear model and with the frequency/confining-pressure dependent hysteretic model.
Example 1: Shallow, Homogeneous Stratum
Consider a homogeneous stratum of total depth Hϭ25 m, mass density 2 ton/m 3 , and shear wave velocity C s ϭ200 m/s. The fundamental shear beam frequency is then f 1 ϭ2 Hz. The soil profile is subdivided into ten thin layers of equal thickness, whose inelastic properties are governed by the MIT-S1 model, with modulus reduction factors and damping values adjusted to account for the confining pressures at each depth. This stratum is subjected at the base to the 1995 Kobe earthquake scaled to a peak acceleration of 0.5 g. The mean frequency of this motion is f 0 ϭ1.7 Hz. Fig. 10͑a͒ shows the response at the free surface of the soil profile caused by this earthquake, computed with both the proposed frequency-dependent model and the true nonlinear model. The transfer function from base to surface shown in Fig. 10͑b͒ demonstrates that a large number of high-frequency modes contribute to the response. Fig. 10͑c͒ , on the other hand, depicts the true nonlinear stress-strain hysteresis loop for the layer immediately above rock. As can be seen, the agreement in computed motions is excellent, despite the fact that the soil undergoes strong inelastic deformations, and that the hysteresis loop is not symmetric with respect to the origin. ͑Other hysteresis loops elsewhere in the soil profile exhibit similar nonlinear characteristics, so they need not be shown.͒ Fig. 10͑d͒ shows the shear modulus degradation factors and damping values versus frequency for an elevation at the middle of the soil profile ͑fifth layer͒. A strong degradation is obvious at low frequencies, whereas at high frequencies, the response is nearly elastic. Finally, Fig. 10͑e͒ compares the true strain spectrum with the smooth strain spectrum for the top layer, after scaling both by the peak strain. This is the strain spectrum used to determine the shear modulus reduction factors and damping for that layer.
When this simulation was repeated with motions of lesser intensity, the agreement between the quasilinear and true nonlinear models improved further, reaching nearly perfect agreement when the input motion was scaled to 0.05 g or less. Comparably good results were obtained also when other seismic motions were used as input.
Example 2: Deep, Heterogeneous Stratum
An idealized soil profile of depth 1000 m is used to simulate the Mississippi embayment near Memphis, Tenn. The inelastic characteristics are chosen to be the same as for the remolded sand specimens of Laird and Stokoe ͑1993͒, taking into account the confining pressure. To this effect, the variation of void ratio with the mean effective stress is modeled with the original MIT-S1 formulation for cohesionless soils given by Pestana and Whittle ͑1995a, b͒. This model is then used both to estimate the small strain (␥ϭ10 Ϫ6 ) shear modulus G max and to determine the modulus degradation and damping curves. The variation of the shear wave velocity with depth predicted by this model is depicted in Fig. 11 , while the mass density ranges from 2.12 ton/m 3 at the . ͑a͒ Response at top caused by Kobe earthquake at rock; ͑b͒ transfer function from rock to surface; ͑c͒ hysteresis loop for soil layer adjacent to rock; ͑d͒ soil degradation parameters for layer at mid-depth; and ͑e͒ smooth strain spectrum, top layer surface to 2.21 ton/m 3 near the rock interface. Also shown in Fig.  11 is the profile for the Memphis, Tenn. area reported by Abrams and Shinozuka ͑1997͒. The soil profile is divided into 400 thin layers of 2.5 m thickness whose material properties are in accord with those in Fig. 11 . The model is subjected to the 1995 Kobe ͑Japan͒ earthquake, which is scaled to a maximum acceleration of 0.5 g prescribed at a hypothetical outcropping of rock.
The fundamental shear-beam frequency of this soil basin is 0.156 Hz, and there are some 70 resonant modes in the 0-25 Hz frequency range. Because of this very low fundamental frequency as well as the large number and light attenuation of the participating modes, particular difficulties arise in the Fourier inversion of the frequency response functions. These problems are sidestepped herein by means of the ''complex exponential window method'' ͑Kausel and Roësset 1992͒, which allows avoiding both the ''wraparound'' problem ͑i.e., the ''dog-bites-tail'' phenomenon͒ as well as the inaccuracies of sampling narrow peaks at coarse frequency steps. Fig. 12 presents the results of the simulation for this very deep site. As can readily be seen, the time histories of acceleration at the free surface computed with both the frequency-dependent model and the true inelastic model are very similar indeed. By comparison, an analysis using the conventional Seed-Idriss iterative method ͑Fig. 13͒ predicts a motion of lesser intensity and lacking the high frequencies components. Notice in the time histories the 1.6 s delay in initiation of the response at the surface, which equals the travel time of shear waves between the basal rock and the surface. This delay is consistent with an average shear wave velocity of 600 m/s, which can be inferred from the 1/6 Hz resonant frequency and the 1000 m thickness. Hence, the simulations do satisfy causality, a condition that cannot be taken for granted a priori when using frequency-dependent moduli. Observe also the complete lack of wraparound, despite the response's strong coda near tϭ20.48 s ͑ϭwidth of the Fourier time window used for this example, which is less than the earthquake's actual duration͒. This desirable characteristic is achieved with the complex exponential window method referred to earlier. Additional simulations in which the earthquake was scaled to smaller accelerations and wider time windows were used, produced motions at the free surface lasting several minutes. This is again consistent with actual motions for teleseismic events recorded in the vicinity of Memphis.
Why Frequency-Dependent Parameters?
A naïve assumption would be that the justification for the proposed frequency-dependent method ͑FDM͒ lies in its computational speed and efficiency vis-à-vis that of the true nonlinear model ͑TNLM͒. Although it is indeed true that the equivalent, frequency-dependent linear model is much faster, that argument is irrelevant in this day and age of fast personal computers. Instead, the principal reasons in engineering applications are as follows:
• When estimating seismic effects in deep soils, it is already difficult enough to obtain reliable estimates for the elastic soil parameters at small strain. By contrast, obtaining the complete nonlinear characteristics and yielding surfaces in both loading and unloading within a full twelve-dimensional stress-strain space ͑or a subspace thereof͒ is either impossible, or highly impractical ͑how does one measure the ''true'' inelastic characteristics of an ''undisturbed'' sample at, say, 100 m depth?͒.
• The FDM requires only two parameters that can readily be measured in the laboratory, or inferred from field experiments, namely the shear modulus reduction factor ͑i.e., the secant modulus as a function of cyclic strain amplitude͒, and the fraction of damping. Even the simplest one-dimensional nonlinear model requires far more information, including a precise definition of the backbone from soil data ͑even more if Masing's model is not adopted͒. Such information is not easily obtained or measured, particularly when considering that it is needed at many locations. • The FDM is much more robust and stable than the TNLM, that is, it is less sensitive to errors in modeling. The latter, on the other hand, can easily produce meaningless results if not sufficient attention is given to algorithmic and computational details. The potential for ''things to go wrong'' is significantly greater in the TNLM. For example, the time step must be sufficiently small not only for stability purposes, but small enough to model the loading/unloading events and plastic flows in the nonlinear springs.
Conclusions
Although soils exhibit nonlinear behavior even at small strains, evaluations of the response of sedimentary basins to strong seismic motions are often based on linear, elastic solutions incorporating frequency-independent material properties. Typically, an iterative method is used to compensate for the inelastic behavior, which requires adjusting the material parameters so as to make them compatible with appropriate measures of strain. The principal drawback of this procedure is that it attenuates excessively the high-frequency components of motion in the waves propagating through the medium. This article proposes an improvement over the standard iterative algorithm that takes into account two important factors, namely the variation of strain amplitude and damping with frequency, and the effect of the confining pressure on soil degradation. A series of simulations involving layered profiles subjected to strong broadband earthquake motions causing clear inelastic Fig. 11 . Soil profile used for one-dimensional soil amplification simulation ͑measured data from Memphis, Tenn. area by Abrams and Shinozuka 1997͒ effects demonstrate that it is indeed possible to simulate closely the actual nonlinear problem by means of linear analyses in which the soil moduli and attenuation ͑i.e., damping͒ change with frequency. It was found that the variation of the model material parameters with frequency is largely controlled by the frequency spectrum of the strains, which in turn is closely related to the ground velocity spectrum. This is true even if the material properties of the soil are themselves rate independent ͑i.e., frequency independent͒ when subjected to pure cyclic strains. Using the proposed frequency-and depth-dependent model, the writers succeeded in analyzing a 1-km-deep model for the Mississippi embayment near Memphis, Tenn., subjected to strong ground motions. The seismograms computed at the surface not only do satisfy causality ͑which cannot be taken for granted Fig. 12 . ͑a͒ Response at top caused by Kobe earthquake at rock; ͑b͒ transfer function from rock to surface; ͑c͒ hysteresis loop, middle layer; ͑d͒ soil degradation parameters, top layer; ͑e͒ smooth strain spectrum, top layer; and ͑f͒ variation of maximum strain with depth with frequency-dependent parameters͒, but their spectra contained the full band of frequencies expected.
spring; ␥ j ϭyield strain of jth spring; G j ϭ j /␥ j ϭsecant shear modulus; g j ϭ( j Ϫ jϪ1 )/(␥ j Ϫ␥ jϪ1 )ϭtangent shear modulus; G j /G 0 ϭmodulus degradation curve.
Clearly, the tangent stiffnesses are g 0 ϭk 0 ϩk 1 ϩ¯ϩk N ϭG 0 small strain shear modulus 
Choosing arbitrarily ␥ j ϭz j ␥ 0 , in which zϾ1 is any appropriate real number, then log ␥ j ␥ 0 ϭ j log z and
with which the spring stiffnesses can be computed at logarithmically spaced strain intervals, using the shear modulus reduction curves and the shear modulus at low strain. For example, using 50 strain points in each strain decade, the required z is log ␥ jϩ50 ␥ j ϭlog 10ϭ͑ jϩ50Ϫ j ͒log zϭ50 log z which yields zϭexp(1/50)ϭ1.02020. Hence, if ␥ 0 ϭ10 Ϫ6 is the small strain elastic limit, then ␥ 1 ϭ(1.0202) (10) Ϫ6 is the yield strain of spring 1, and so forth. In this case, the backbone curve contains 300 points in the range from ␥ 0 ϭ10 Ϫ6 to ␥ϭ10 0 ϭ1, so this is the number of elastoplastic springs in the model.
